Introduction
Strategies designed to eradicate or induce durable remission of latent HIV-1 infection face 2 major challenges: virus-infected immune cells, chiefly CD4 + T cells, must be destroyed, while broader innate and adaptive immune defenses must be retained (1, 2) . The success of hematopoietic stem cell transplantation in eradicating HIV-1 in the Berlin patient highlights the importance of this intervention, as it remains the only HIV-1 functional cure described to date (3, 4) . Hematopoietic stem cell transplantation involves several steps including the conditioning regimen and the stem cell graft. In the context of HIV cure approaches, the size of the latent viral reservoir is also important. The role of each one of these parameters must be dissected, as they all may have contributed to the Berlin patient's cure (5) . The Berlin patient was removed from cART concurrent with his first transplant in February of 2007, when transplant-dependent immunodeficiency was most pronounced and the patient had not yet engrafted the donor cells which would facilitate the control of HIV (6) . Thus, virus eradication/stable remission may have been achieved immediately following chemo-and radiotherapy conditioning regimens and allogeneic transplantation with CCR5 Δ32 donor cells.
The probability of finding an HLA-matched donor who is also homozygous for the CCR5 Δ32 null mutation is low, and the risks associated with allogeneic transplantation are high (7) . Transplantation of HIV-protected cells in the autologous setting is safer than allogeneic transplantation and more readily available for patients (8) (9) (10) . We have developed a model of cART-suppressed simian-human immunodeficiency viremia in the pigtail macaque (Macaca nemestrina). Our previous data demonstrate that the highly CCR5-tropic HIV-env simian-human immunodeficiency virus (SHIV), SHIV-1157ipd3N4, establishes durable
The conditioning regimen used as part of the Berlin patient's hematopoietic cell transplant likely contributed to his eradication of HIV infection. We studied the impact of conditioning in simianhuman immunodeficiency virus-infected (SHIV-infected) macaques suppressed by combination antiretroviral therapy (cART). The conditioning regimen resulted in a dramatic, but incomplete depletion of CD4 + and CD8 + T cells and CD20 + B cells, increased T cell activation and exhaustion, and a significant loss of SHIV-specific Abs. The disrupted T cell homeostasis and markers of microbial translocation positively correlated with an increased viral rebound after cART interruption. Quantitative viral outgrowth and Tat/rev-induced limiting dilution assays showed that the size of the latent SHIV reservoir did not correlate with viral rebound. These findings identify perturbations of the immune system as a mechanism for the failure of autologous transplantation to eradicate HIV. Thus, transplantation strategies may be improved by incorporating immune modulators to prevent disrupted homeostasis, and gene therapy to protect transplanted cells.
infection in pigtail macaques, and can be suppressed by cART (11, 12) . Pathogenicity in this species is consistent with available information for the closely related rhesus macaque (Macaca mulatta) (13, 14) .
Total body irradiation/myeloablative conditioning results in many changes including lymphocyte depletion and damage to secondary lymphoid tissues such as the gastrointestinal (GI) tract (15) (16) (17) . Here we defined the immunological mechanisms at play in SHIV-infected, cART-suppressed macaques following autologous transplantation in our well-established SHIV model.
Results
Study design. The experimental design of this study is shown in Figure 1A , and time points are listed in Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/ jci.insight.91230DS1. All animals underwent intravenous challenge with SHIV-1157ipd3N4 (SHIV-C), and cART was applied 6 months after infection as previously described (11) . Peak viral loads (VLs) ranged between 10 5 and 10 7 copies/ml plasma, and VL set points ranged between 10 2 and 10 5 copies/ml ( Figure  1B ) (18) . After more than 24 weeks of cART, animals were well suppressed in peripheral blood (<30 copies/ ml) ( Figure 1B) , at which point they were separated into 2 cohorts of 5 animals; 1 animal from each group was excluded partway through the experiment owing to study-unrelated complications (see Methods). The control cohort was maintained on cART for a further 24 weeks with no other intervention. Animals in the transplanted cohort received autologous hematopoietic stem and progenitor cells following myeloablative conditioning. Hematopoietic recovery following myeloablative conditioning (1,020 cGy total body irradiation) and transplantation was consistent with previously published results in SHIV-naive animals (Supplemental Figure 1 and ref. 17) . Following a total of more than 1 year on cART, all animals were released from cART and necropsied approximately 18 weeks later ( Figure 1A ). Consistent with past results, control and transplanted animals' plasma VLs rebounded with similar kinetics following cART withdrawal (19) .
Increased rebound viremia in transplanted animals. VL rebound dynamics differed in the 2 cohorts of animals following cART withdrawal: transplanted animals displayed a significantly higher (P = 0.02) and sustained peak VL relative to controls ( Figure 1C ). We measured VLs in tissues collected from each animal at necropsy (20, 21) (Figure 1D ). Average levels of viral DNA in tissues were increased up to 92-fold in transplanted animals relative to controls, while viral RNA levels were increased greater than 3 logs in many tissues, including lymph nodes and GI tract. Tissue viremia was significantly correlated with peak VL rebound in plasma (Supplemental Table 2 ). These data indicate that VL rebound was significantly increased in transplanted animals, relative to controls, following cART withdrawal.
Myeloablative TBI-based conditioning leads to robust depletion of peripheral T cells. We measured changes in T cell counts, phenotype, and distribution following total body irradiation (TBI). We observed an average 10-fold decrease in the absolute number of total CD4 + and CD8 + T cells at post-transplant nadir ( Figure  2, A and B) . We asked whether the lack of immune reconstitution in the transplanted cohort could be explained by a decrease in the numbers of naive T cells (T N ) (22) Peripheral CD20 + B cell counts were also decreased an average of 300-fold in transplanted animals. B cell numbers were restored within 4 to 6 weeks after engraftment ( Figure 2C ). Despite the recovery of B cell numbers, we observed a significant loss of HIV-1-and SIVmac239-specific Ab titers ( Figure 3, A and B) . Area under the curve (AUC) measurements were lower in the transplanted cohort prior to cART withdrawal (HIV-1 gp120 titer, P = 0.028) and through cART withdrawal (SIVmac239 titer, P = 0.0286; HIV-1 gp120 titer, P = 0.057), showing that SHIV-specific B cells were depleted and/or that lack of CD4 + T cells may impact B cell function in transplanted animals ( Figure 3 , C and D). Following cART interruption, SHIV-specific B cell responses in control animals increased compared with the transplanted group (SIVmac239 titer, P = 0.028; HIV-1 gp120 titer, P = 0.057) ( Figure 3C ). Restoration of SHIV-specific Ab titers after cART withdrawal was negatively correlated with the absolute CD4 + T cell changes (Supplemental Table 3 ). Moreover, transplanted animals failed to increase SHIV-specific Ab titers upon cART treatment ( Figure  3 ). These results highlight the importance of CD4 + T cell help for the development and maintenance of SHIV-specific Ab responses Robust immune activation following transplantation correlates with magnitude of VL rebound. The enhanced VL rebound in transplanted animals could be attributed to T cell activation/homeostatic expansion coincident with lymphopenia (23) (24) (25) . Following autologous transplantation, the proportion of T cells expressing Ki67 was significantly increased in the majority of CD4 + and CD8 + T cell subsets in the transplanted group ( Figure 4 + T CM subsets were also observed ( Figure 6 ). Expression of PD-1 on CD8 + T cell subsets and SLAM/CD150 on CD4 + and CD8 + T N subsets were positively correlated to peak VL rebound following cART withdrawal at all time points after transplantation (Table 1 and Supplemental  Table 4 ). Next, we used Boolean analysis to quantify the coexpression of at least 2 immune checkpoint proteins (ICPs: PD-1, CTLA4, SLAM/CD150, and TIGIT) on CD4 + and CD8 + T cell subsets in control and transplanted nonhuman primates (NHPs), as these profiles indicate HIV reservoir size (26) and T cell exhaustion (27) . We found a statistically significant positive correlation between expression of various ICP Figure 1 . SHIV rebound is increased in transplanted animals following cART withdrawal. (A) Two groups of 5 animals were analyzed in this study. Prior to infection, baseline measurements were collected over 6 weeks. Following intravenous virus challenge with simian-human immunodeficiency virus 1157ipd3N4 (SHIV-C), infection progressed for 6 months prior to initiation of combination antiretroviral therapy (cART). Untransplanted animals (upper panel) remained on cART for approximately 1 year, followed by cART withdrawal and necropsy 15-20 weeks later. Transplanted animals (lower panel) were treated identically, except for hematopoietic stem cell transplantation conducted 6 months following initiation of cART, using autologous CD34 + cells cryopreserved prior to infection. One untransplanted and 1 transplanted animal were excluded partway through the study due to unrelated health issues; data were included where applicable. (B) At the indicated times following SHIV infection, plasma viral load (pVL) was measured by quantitative PCR (QPCR) from transplanted animals (red lines) or untransplanted animals (blue lines). Arrow, cART initiation; star, autologous transplant; arrowhead, cART withdrawal; dagger, necropsy. (C) Ratio of viremia following post-cART viral rebound to comparable time points during primary infection (see Methods). Data are the mean ± SD. (D) The indicated tissues were collected at necropsy from untransplanted (gray bars) and transplanted animals (white bars). Total genomic DNA and RNA were extracted for viral nucleic acid measurements by QPCR. Total SHIV DNA (upper panel) was normalized to a genomic DNA standard (macaque RNaseP p30, MRPP30). SHIV genomic RNA (lower panel) was normalized to the crossing threshold value of MRPP30. Boxes represent median and 25th/75th percentiles, and whiskers represent minimum/maximum values for 4 animals in each cohort. *P < 0.05 by 2-tailed Mann-Whitney test.
Downloaded from http://insight.jci.org on November 11, 2017. https://doi.org/10.1172/jci.insight.91230 Tables 5 and 6 ). For example, the simultaneous expression of PD-1, SLAM/CD150, and TIGIT was increased in peripheral CD8 + T N cells from transplanted animals, and was positively correlated to VL rebound. These results suggest that the homeostatic expansion and the immune exhaustion that follows myeloablation and transplantation provide a favorable milieu for SHIV replication and dissemination in peripheral blood and in tissues following cART withdrawal, consistent with increased VL rebound (Figure 1C ) and increased levels of virus in tissues in transplanted animals ( Figure 1D ).
Microbial translocation markers correlate with VL rebound. We screened serum samples for a panel of markers of microbial translocation, as myeloablative conditioning can trigger gut damage and microbial translocation (28) (29) (30) (Figure 7 , A-C). Zonulin, a marker of gut epithelium tight junctions and gut integrity, was significantly increased during transplant recovery, and remained higher following cART withdrawal (P = 0.0159 at post-transplant time point I [post-Tx I], P = 0.031 at post-Tx II, P = 0.028 at cART withdrawal (ART WD in figure) , and P = 0.057 at necropsy) ( Figure 7A ). Importantly, zonulin significantly correlated with peak VL rebound ( Table 1) . Serum levels of soluble CD14 (sCD14), a marker of microbial translocation and monocyte activation (31, 32) , were comparable between transplanted and control animals during suppressive cART, but were elevated at the terminal necropsy time point following cART withdrawal (P = 0.028) ( Figure 7C ), suggesting further aggravation of gut damage following VL rebound. Plasma levels of sCD14 were also positively correlated to peak VL upon cessation of cART ( Table 1 ). The impact of microbial translocation on immune homeostasis has been associated with the upregulation of several proinflammatory and antiinflammatory cytokines (33, 34) . Indeed, zonulin and sCD14 were positively associated with serum levels of lipopolysaccharide binding protein (LBP), monocyte chemoattractant protein-1 (MCP-1), and IL-10, and negatively associated with levels of TGF-α (Supplemental Table 7 ). LBP, MCP-1, TGF-α, and IL-8 were present at higher levels in transplanted animals (Figure 7 , D-G). MCP-1 and LBP negatively correlated with CD4 + T N and total CD8 + T cell AUC (Supplemental Table 8 ). Zonulin and sCD14 were positively associated with CD8 + PD-1 + T CM AUC (Supplemental Table 9 ). These associations likely underlie a complex crosstalk between gut damage, microbial translocation, cytokine expression, and T cell reconstitution in transplanted, SHIV + animals that all impact VL rebound. The size of the latent SHIV reservoir does not correlate with VL rebound. Conditioning led to a substantial loss of CD4 + T cells in our transplanted animals, but residual CD4 + T cells were highly activated and proliferative following transplantation. To quantify the impact of transplantation on the size of the latent SHIV reservoir, we developed a SHIV-adapted quantitative viral outgrowth assay (QVOA), and Tat/rev-induced limiting dilution assay (TILDA) to measure reservoir size before and after transplantation (6 and 11 months after initiation cART). In 4 control animals, changes in the size of the reservoir between the 2 time points were variable by QVOA. Two animals exhibited a 4-to 7-fold decrease in reservoir size, while 2 showed a mild increase of 2-fold or less ( Figure 8A ). In the 4 transplanted animals, QVOA showed that reservoir size was maintained, or decreased to undetectable levels, and hence did not correlate with the increased VL rebound that was observed following cART withdrawal. Results from TILDA showed that the average size of the viral reservoir decreased proportionally in control animals and transplanted animals ( Figure 8B ). No correlation was observed in these reservoir measurements, likely owing to the fact that TILDA measures expression of multispliced viral RNA, while QVOA measures production of replication-competent virions (Supplemental Figure 3) . These findings suggest that transplantation did not increase the size of the peripheral viral reservoir; as such, a larger reservoir is unlikely to underlie the increased VL rebound we observed in transplanted animals.
Discussion
Here we show that disrupted immune homeostasis after autologous transplantation with TBI conditioning, rather than an increase in the size of the viral reservoir, is responsible for increased VL rebound following cART withdrawal. These data reinforce the importance of immune activation and dysfunction in driving viremia. Specifically, we show that expression of markers of proliferation, microbial translocation, and inflammation are predictive of increased peak plasma VL rebound following cART withdrawal in 1157ipd3N4 (SHIV-C). Batched flow analyses and CBC data were used to calculate absolute numbers of CD4 + naive (D), CD4 + central memory (CM, E), CD4 + effector memory (EM, F), CD8 + naive (G), CD8 + CM (H), and CD8 + EM subsets (I). Star, autologous transplant; dagger, necropsy. Values in D through I represent mean ± SD. *P < 0.05, **P < 0.01 by 2-tailed Mann-Whitney test. Time points along the x axes in D through I are defined in Supplemental Table 1. transplanted animals, and are associated with higher levels of SHIV DNA and RNA in tissues following rebound (see proposed model in Supplemental Figure 4 ). Our studies highlight the importance of an intact immune system for viral control after cART withdrawal.
GI damage has emerged as a hallmark of chronic immune signaling during suppressed infection in HIV + patients and in SIV and SHIV models, contributing both to reservoir maintenance and disease progression (35) (36) (37) (38) . Our findings suggest that transplantation, particularly TBI, may exacerbate this vicious cycle by disrupting the integrity of the mucosal barrier. We observed an increase in multiple serum markers of microbial translocation in our transplanted animals, relative to untransplanted controls, and importantly, zonulin and sCD14 correlated with post-cART VL rebound (Figure 7 , A-C, and Table 1 ). Our model predicts that these markers trigger increased expression of several proinflammatory cytokines (Supplemental Table 7 ) (29, 30) . These data emphasize that restoration of immune homeostasis to pretransplant levels in the GI tract and other mucosal tissues is critical for any analytical treatment interruption (ATI) protocol. Furthermore, decreased gut integrity may underlie altered immunity and inflammatory responses after transplantation.
At 18 to 25 weeks after transplantation (immediately prior to cART withdrawal), peripheral T cells, particularly naive cells, had not fully recovered, despite displaying a higher percentage of activation and proliferation markers. High levels of T cell proliferation are a hallmark of lymphopenic environments (39, 40) . This failure to reconstitute CD4 numbers could be the result of deficits in absolute T cell production, as low levels of CD4 + and CD8 + T N were observed in transplanted animals. Moreover, Ki67 + CD4 + T cells have been associated with increased susceptibility to infection (23, 41) and HLA-DR and PD-1 expression in CD4 + T cells is strongly associated with CD4 + T cells that are positive for integrated HIV DNA (42). Other ICPs, including TIGIT, have been shown to mark the latent HIV reservoir (26, 43) . We show here that expression of these markers is upregulated in transplanted animals relative to controls. Following myeloablative conditioning, Ki67 + as well as PD-1 + cells may represent a homeostatic response (refilling the niche) or an antigen-specific response (repopulating adaptive immune cells as cognate antigens reemerge) (44, 45) . The increased frequency of cells that express these markers in stably suppressed animals following autologous transplantation strengthens the paradoxical notion that despite a reduction of susceptible T cells, immune reconstitution following myeloablation provided the virus with an opportunity to persist and disseminate. This hypothesis is also supported by studies depleting CD4 + T cells in the context of SIV, whereby viremia was highly associated with the level of Ki67 + CD4 + T cells (46) . Following myeloablation, we observed persistent increases in the frequency of exhausted CD8 + T cells, loss of SHIV-specific Ab responses, and greater proportions of infection-susceptible target cells (i.e., activated CD4 + T cells). This led to a functionally impaired cellular and humoral immune system, creating an ideal environment for robust viral replication once cART was discontinued (Supplemental Figure 4) .
We observed sustained reactivation of viral reservoirs in animals following cART withdrawal, independent of transplantation. When each animal's rebound viremia was compared with its own data from primary infection, plasma VL rebound in transplanted animals was significantly higher than controls; this trend was also observed in tissues. A primary question is the extent to which the conditioning regimen, in our case TBI, depletes CD4 + T cells in various reservoir tissues, relative to the degree of depletion we observe in peripheral blood. Interestingly, a recent imaging study in NHPs indicates that TBI is inefficient in depleting CD4
+ cells in tissues, as CD4 counts are highly variable upon TBI, ranging from 36% to 40% depletion in the spleen to 73% to 92% depletion in axillary lymph nodes (16) . Values represent mean ± SD. *P < 0.05, **P < 0.01 by 2-tailed Mann-Whitney test. Near-significant P values are also indicated. Time points along the x axes are defined in Supplemental Table 1 .
As such, tissues that retain a greater percentage of CD4 + cells following myeloablative conditioning are also likely to be the most potent sanctuaries for latently infected cells, which could explain the higher rebound observed in transplanted NHPs (47, 48) .
Our findings are consistent with past studies showing that autologous transplantation in stably suppressed HIV + patients is safe, but insufficient for HIV eradication (9, 49) . Recent allogeneic transplant patients (the Boston patients) that were HIV + and stably suppressed were maintained on cART for at least 1,000 days after transplantation, prior to ATI. Although no replication-competent virus could be detected prior to ATI, both rebounded following ATI. This is in stark contrast to the Berlin patient: cART was withdrawn concurrent with transplantation, and no replication-competent virus has been detected after nearly 10 years. The Boston patients' donor cells were not protected from HIV as in the Berlin patient, allowing virus to spread rapidly; we made similar observations in our study. Furthermore, the Boston patients remained on immunosuppressive therapy at the time of ATI, which likely also suppressed HIV-specific immune responses. These findings strongly emphasize the importance of a fully recovered immune system and HIV-protected cells prior to any ATI in HIV cure trials.
Our data highlight the importance of several immune parameters, including markers of T cell proliferation/activation, B cell function, and microbial translocation as better predictors quantifying the safety of ATI study on a per-patient basis. The restoration of pretransplant levels of immune activation, function, and gut homeostasis should be a prerequisite for consideration of ATI. A number of immunotherapies currently being applied to cancer patients may prove useful in HIV + transplant patients. PD-1 blockade (50, 51) may reverse the immune exhaustion phenotype we observed in our study. Ab-based therapies, namely HIV broadly neutralizing Abs (52, 53) could be applied during acute cART withdrawal, providing a substitute for the absence of SHIV-specific Abs caused by myeloablation. Finally, rapamycin is a well-established therapy following allogeneic stem cell and renal transplants (54) . As it has been shown to impact immune senescence and restore immune function (55) , it may also address the immune exhaustion phenotype we observe following autologous transplantation. Regardless of whether viral reservoir measurements suggest eradication in a cART-suppressed patient, an immune system with well-regulated Table 1. homeostasis and functional memory responses is an essential safeguard to the VL rebound observed in the Boston patients, and other cases of VL rebound following long-term HIV remission (56, 57) . More broadly, our data strongly suggest that mucosal immune functionality should be a primary emphasis for transplantation/gene therapy interventions, and any HIV cure strategy including an ATI component.
Our QVOA and TILDA reservoir measurements suggest that myeloablative conditioning does not significantly impact the size of the peripheral latent viral reservoir. Coupled with the significant perturbations to the immune system that we observed following TBI, we conclude that nonmyeloablative/reduced intensity conditioning regimens such as busulfan should be the focus of HIV cure clinical trials. Busulfan-based conditioning regimens are currently under evaluation in multiple such trials, for example NCT01734850 and NCT02500849. Our data suggest that this approach will offer significantly lower toxicity to patients with sufficient levels of stem cell engraftment, and a minimal impact on reduction of latent viral reservoirs.
In summary, we reveal the immunological mechanisms underlying the ability of viral reservoirs to persist following autologous transplantation in a macaque model. Although the conditioning regimen facilitates stem cell engraftment and likely impacts the size of the latent reservoir, this comes at the cost of loss of virusspecific immunity, and decreased mucosal integrity. Our findings emphasize the importance of minimizing the extent of immune exhaustion after autologous or allogeneic transplantation, in order to facilitate rapid and full restoration of the immune system. In addition, these data also highlight the importance of HIV protection for the transplanted cells, as was likely key to the functional cure of the Berlin patient.
Methods
Study design. Ten male juvenile pigtail macaques were utilized in this study. The animals were sourced from New Iberia Research Center and SNBL-USA. In order to minimize the effects of subjective bias, animals were entered without prior knowledge of study-relevant factors, including lymphocyte counts and response to our stem cell mobilization regimen. All 10 animals were treated as single experimental units, and were analyzed as 2 experimental groups of 5 animals each, whose size was designed to inform the impact of autologous hematopoietic stem cell transplants while accounting for potential animal-to-animal variability. MCP-1, F) , and TGF-α (G). Samples with undetectable levels of target protein(s) were omitted from analyses. The levels of CRP in 3 samples were too high to be measured in our assay, and were assigned a value of 150,000 ng/ml, equivalent to twice the highest standard. Horizontal lines represent mean values for each group. *P < 0.05, **P < 0.01 by 2-tailed Mann-Whitney test. Near-significant P values are also indicated. Time points along the x axes are defined in Supplemental Table 1 .
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Animal IDs for the control cohort were Z09087, Z09106, Z09192, A11201, and Z09204. Animal IDs for the transplanted cohort were Z09144, Z08214, Z09125, A11200, and Z09196. The primary endpoints (VL rebound in blood and tissues following cART withdrawal and lymphoid and myeloid lineage recovery kinetics) and secondary endpoints (correlations between VL rebound and peripheral blood cell phenotypes and serum markers) were chosen prospectively. Age ranges for the control and transplanted groups were 3.9-5.8 and 3.9-5.5 years, respectively. Animals received CD34 + cell doses ranging from 2.08 million to 6.45 million per kilogram body weight. The conditioning regimen for each transplant consisted of a fractionated dose of 1,020 cGy total body irradiation, as previously described (17) . Data collection continued through necropsy for each animal, based on our definition of VL rebound in tissues that could not be collected until study endpoint. Two animals were excluded partway through study, 1 from each of the 2 experimental groups. The first animal, ID A11201 from the control group, was excluded following diagnosis of congenital growth plate dysplasia. The second animal, ID Z09125 from the transplanted group, was excluded following receipt of a malaria-contaminated blood transfusion during transplant recovery. Data from ID Z09125 were excluded following the acute post-transplant I (Ac Post-Tx I) time point, and data from ID A11201 ART withdrawal time points I and II (ART WD I and ART WD II) were not available. Data from these animals were excluded in analyses of correlates of post-cART VL rebound. The details of the different time points and their abbreviations are listed in Supplemental Table 1 .
SHIV challenge, plasma VL assays, complete blood cell counts, and anti-SHIV Ab titers. Intravenous inoculation with 9500 TCID50 SHIV-1157ipd3N4 (provided by Ruth Ruprecht, Texas Biomedical Research Institute), administration of cART (tenofovir [PMPA], emtricitabine [FTC] , and raltegravir), and measurement of plasma VLs and absolute CD4 + and CD8 + T cell counts were conducted as described previously (11, 14, 58) . PMPA and FTC were gifts of Gilead Sciences, and raltegravir was a gift of Merck. SIVmac239 whole virus-specific and HIV-1 SF162 gp120-specific Ab titers were calculated as the reciprocal of the highest serum dilution (1:100, 1:200, etc.) that resulted in an optical density reading greater than the average from serum from 3 SHIV-negative macaques, plus 3 standard deviations as previously described (59) .
Tissue VL assays. Collection of the indicated tissues in Figure 1D was conducted in close consultation with the Washington National Primate Research Center (WaNPRC). Animals were not perfused prior to tissue collection, in order to minimize the time between collection and processing. Whole tissue sections of approximately 5 mm 3 were immersed in RNAlater (Thermo Fisher) and stored overnight at 4°C. The following morning, fully immersed tissues were blotted dry on paper towels, moved to cryovials, snap frozen in liquid nitrogen, and stored at -80°C. RNeasy Plus Mini and DNA Blood Mini kits (Qiagen) were used to isolate RNA and DNA, respectively, following homogenization of single 5-mm 3 sections of tissue in 1 ml RNeasy RLT Plus Buffer containing β-mercaptoethanol. Tissues were homogenized using a Precellys 24 homogenizer and CK28-R hard tissue homogenizing beads (Bertin Corp.). SHIV was quantified from extracted total DNA as described previously (22) . Unspliced SHIV RNA was measured similarly, except that the normalized SHIV RNA copy number ( Figure 1D ) was calculated by normalizing to the crossing threshold of macaque RNase P subunit p30 RNA.
Flow cytometry. Three multicolor panels were used to assess cell-surface and intracellular protein markers in this study. The T cell panel included CD3-PerCP clone SP34-2, CCR7-PE clone 3D12, CD45-BUV395 clone D058-1283 (Thermo Fisher), CCR5-APC clone 3A9, Ki67-AF700 clone B56, CD95-PE-Cy7 clone DX2, CD45RA-V450 clone 5H9, HLA-DR-BV711 clone G46-6, CD8-BUV737 clone SK1 (Becton Dickinson), PD-1-APC-eFluor780 clone eBioJ105 (eBioscience), CD28-ECD clone CD28.2 (Beckman Coulter), and CD4-BV570 clone OKT4 (BioLegend). The innate immune panel included CD3-PerCP clone SP34-2, CD45-BUV395 clone D058-1283 (Thermo Fisher), CD11c-AF700 clone 3.9 (eBioscience), CD11b-APCCy7 clone ICRF44, HLA-DR-PE-CF594 clone G46-6, CD123-BV650 clone 7G3, CD14-BV786 clone M5E2, CD16-BUV737 clone 3G8 (Becton Dickinson), CD20-BV570 clone 2H7 (BioLegend), and CD33-VioBlue clone AC104.3E3 (Miltenyi Biotec). The ICP panel included CD3-BV650 clone SP34-2, CCR7-APC clone 150503, CD8-BV711 clone RTP4, CD95-BUV737 clone DX2, CTLA4 (CD152)-PE-CF594 clone BIN13 (Becton Dickinson), CD4-Q-dot 605 clone S3.5 (Invitrogen), CD28-AF700 clone CD28.2, PD-1-PE-Cy7 clone EH12.2H7 (BioLegend), LAG3 PerCP eFluor710 clone 3DS223H, CD150-FITC clone A12(7D4), and TIGIT-PE clone MBSA43 (eBioscience). All panels also included a live/dead stain. Batched cell samples from the time points described in Supplemental Table 1 were stained with the above markers, as previously described (22) . Acquisition was performed on LSR II and Fortessa instruments (Becton Dickinson). Flow cytometry data were analyzed using FlowJo (Tree Star).
Serum analyses. Serum samples were collected at the time points indicated in Supplemental Table 1 using serum separator tubes, cryopreserved, and batch analyzed. An NHP-specific, multiplexed Luminex bioassay (EMD Millipore) was used to quantify serum levels of IL-8, IL-15, MCP-1, TGF-α, IL-17A (Figure 7 and Supplemental Figure 4) , and 19 other cytokines (data not shown). ELISA was used to quantify serum levels of LBP (Antibodies-Online Inc.), zonulin (MyBioSource Inc.), CRP (Life Diagnostics Inc), sCD14 (Thermo Fisher), and LPS (Lonza Inc.). Values were interpolated relative to a standard curve for each kit. For 3 samples that were above the measurable range for CRP, an arbitrary value of 150,000 ng/ml, twice the highest standard, was assigned.
Statistics. Comparisons between untransplanted and transplanted animals were performed using a nonparametric, unpaired, 2-tailed Mann-Whitney test, as indicated in the figures. Association between each parameter and the peak VL was investigated using a nonparametric Spearman correlation test. The obtained nominal P values were adjusted for multiple testing using the Benjamini-Hochberg procedure (60) . This method controls the false discovery rate, which was set to 0.25. These tests were performed using R and Prism software.
Viral reservoir assays. TILDA was adapted from Procopio et al. (61) to detect inducible multiply spliced SHIV RNA: untouched CD4 + T cells from untransplanted and transplanted animals at pre-Tx and post-Tx time points (Supplemental Table 1 ) were subjected to negative magnetic selection (STEMCELL Technologies) and activated for 12 hours with 100 ng/ml PMA and 1 μg/ml ionomycin (both from Sigma-Aldrich). After activation, cells were serially diluted to 18 × 10 6 cells/ml, 9 × 10 6 cells/ml, 3 × 10 6 cells/ml, and 1 × 10 6 cells/ml in culture medium. The next steps (preamplification and real-time PCR) are described in Procopio et al. (61) . The sequences of the oligonucleotides for the preamplification were: rev, 5′-GGATCT-GTCTCTGTCTCTCTCTCCACC-3′ and tat1.4, 5′-TGGCAGGAAGAAGCGGAGA-3′. The sequences of the oligonucleotides and probe for the real-time PCR were: rev, 5′-GGATCTGTCTCTGTCTCTCTCTC-CACC-3′; tat2, 5′-ACAGTCAGACTCATCAAGTTTCTCTATCAAAGCA-3′; and Probe SHIV, 5′-/56-FAM/TTCCTTCGG /ZEN/GCCTGTCGGCTCCC /3IABkFQ/-3′. All primers and probes were synthesized by IDT. The real-time PCR reaction was carried out in a Light Cycler 480 II (Roche Life Science). Positive wells at each dilution were counted and the maximum likelihood method was used to calculate the frequency of cells with inducible HIV msRNA (http://bioinf.wehi.edu.au/software/elda).
QVOAs were designed for outgrowth of SHIV-infected cells based on previously published protocols using HIV-infected samples (62) , with the following modifications. Primary human peripheral blood mononuclear cells (PBMCs; Biological Specialty Corporation) were used for coculture following magnetic beadbased CD8 depletion. Dickinson) . Tissue culture supernatants were collected over the course of 1 month in culture, and viral outgrowth was measured by SIV Gag p27 ELISA (Zeptometrix) and measurement of unspliced SHIV RNA as described above. Our criteria for a positive sample were (a) greater than 20 pg/ml by ELISA at more than 2 consecutive time points, or (b) less than 20 pg/ml by ELISA, but measurable SHIV RNA at more than 2 consecutive time points. Samples that were ELISA negative and SHIV RNA positive at 2 or fewer consecutive time points were scored as negative. Infectious units per million (IUPM) calculations were derived via a web-based program as previously described (63) .
Study approval and ethical treatment of animals. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the NIH (The Guide). The protocol was approved by the IACUCs of the Fred Hutchinson Cancer Research Center and University of Washington, protocol number 3235-03. All animals were housed at and included in standard monitoring procedures prescribed by the WaNPRC. This included at least twice-daily observation by animal technicians for basic husbandry parameters (e.g., food intake, activity, stool consistency, overall appearance) as well as daily observation by a veterinary technician and/or veterinarian. Animals were housed in cages approved by The Guide and in accordance with Animal Welfare Act regulations. Animals were fed twice daily, and were fasted for up to 14 hours prior to sedation. Environmental enrichment included grouping in compound, large activity, or run-through connected cages, perches, toys, food treats, and foraging activities. If a clinical abnormality was noted by WaNPRC personnel, standard WaNPRC procedures were followed to notify the veterinary staff for evaluation and determination for admission as a clinical case. Animals were sedated by administration of ketamine HCl and/or Telazol and supportive agents prior to all procedures. Following sedation, animals were monitored according to WaNPRC standard protocols. WaNPRC surgical support staff are trained and experienced in the administration of anesthetics and have monitoring equipment available to assist: electronic monitoring of heart rate, respiration, and blood oxygenation; audible alarms and LCD readouts; monitoring of blood pressure, temperature, etc. For minor procedures, the presence or absence of deep pain was tested by the toe-pinch reflex. The absence of response (leg flexion) to this test indicates adequate anesthesia for this procedure. Similar parameters were used in cases of general anesthesia, including the loss of palpebral reflexes (eye blink). Analgesics were provided as prescribed by the Clinical Veterinary staff for at least 48 hours after the procedures, and could be extended at the discretion of the clinical veterinarian, based on clinical signs. Decisions to euthanize animals were made in close consultation with veterinary staff, and were performed in accordance with guidelines as established by the American Veterinary Medical Association Panel on Euthanasia (2013). Prior to euthanasia, animals were first rendered unconscious by administration of ketamine HCl.
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